Telomerase is a reverse transcriptase that maintains telomeres by adding a G-rich repeat (TTAGGG for vertebrates) to the 3Ј single-stranded overhang at the ends of chromosomes (16, 38, 39) . Human telomerase requires at least two components for the synthesis of telomeric DNA: a protein catalytic subunit (hTERT) and an integral RNA template (hTR) (4, 13, 22, 26, 35, 40, 42, 56) . The limiting component for producing active telomerase in normal cells is hTERT (10, 22, 42, 56) . This protein contains reverse transcriptase motifs that are essential for enzymatic activity (4, 22, 42, 56) and are conserved among diverse organisms such as Saccharomyces cerevisiae (Est2) (11) , Saccharomyces pombe (Sp_Trt1p) (40) , Euplotes aediculatus (Ea_p123) (31) , Tetrahymena (Tt_TERT or p133) (7, 8) , Oxytricha trifallax (Ot_TERT) (7) , and Mus musculus (mTERT) (15, 32) .
In contrast, there is little primary sequence conservation across species for the integral RNA component of telomerase. Furthermore, there is a tremendous size variation for these RNAs among divergent organisms: the ciliate RNAs are uniformly small (between 148 to 209 nucleotides [nt] ) (17, 30, 33, 48, 51) , while those from two yeast strains are an order of magnitude larger (1.3 kb for both S. cerevisiae [52] and Kluyveromyces lactis [34] ). In the cow (55), mouse (6) , and human (13) , intermediate sizes (approximately 400 to 450 nt) are found (Fig. 1) . While little is known about the secondary structure of telomerase RNA in higher eukaryotes, a conserved structure is present in an evolutionarily divergent group of ciliate telomerase RNAs, as deduced by biochemical probing and phylogenetic comparative analysis (2, 5, 30, 33, 48, 53) .
In brief, most ciliate RNAs fold to form four helices (I to IV) that are conserved not only in size but also in relative spacing. Helices I, II, and III extend from a central unpaired region that contains the template (between helices II and III); helix IV is an extension of helix I. The overall topology of the ciliate RNAs is dictated by helix I, which closes the unpaired region. One key feature of the ciliate RNAs is the presence of a conserved sequence, 5Ј-(CU)GUCA-3Ј, that is critical in establishing the 5Ј template boundary (1, 2, 30, 33) .
Previous studies of the human telomerase RNA component have identified regions within the RNA that are critical for telomerase activity (Fig. 1 ), yet details of the secondary structure await phylogenetic analysis. One feature of hTR that has already been established is the location of the template, within ϩ46 to ϩ56, in a region that is accessible to oligonucleotides and peptide nucleic acids and therefore likely to be single stranded (18, 43, 45, 50) . Additionally, a motif similar to the small nucleolar RNA H/ACA box has been identified in the 3Ј end of hTR and appears to be important in hTR accumulation and 3Ј end processing (36) . Previously, a reconstitution assay in which the endogenous RNA component of partially purified telomerase was removed by digestion with micrococcal nuclease (MNase) and telomerase activity was regenerated by the addition of exogenous recombinant hTR was developed and used along with site-directed mutagenesis of hTR to identify the region between nt ϩ170 and ϩ200 as critical for catalytic activity (3) . This assay was also used to map the minimal functional region of hTR required to reconstitute detectable levels of telomerase activity. These studies indicated that this sequence lies between nt ϩ44 and ϩ203, with truncations containing sequences between nt ϩ1 and ϩ203 reconstituting levels of activity similar to those produced with full-length hTR (3). However, MNase may leave inaccessible fragments of hTR that are essential for reconstituting telomerase activity intact.
We used two strategies to map the minimal domain of hTR that is required for de novo synthesis of telomerase activity in vitro. In a previously described system, in vitro-transcribed hTR was added to hTERT that was newly synthesized in a rabbit reticulocyte lysate to produce an active enzyme (24, 56) . A second novel system was developed by using only human components in which exogenous hTERT was synthesized in intact human VA13 cells which lack endogenous hTR and hTERT (57) . Active telomerase was produced when recombinant hTR was combined with S100 extracts prepared from stable transformants of VA13 cells expressing hTERT. The sequence spanning nt ϩ33 to ϩ325 was required to generate levels of activity comparable with that produced using fulllength hTR. This segment contains over 100 more nt of 3Ј sequence than previously shown to be required to efficiently reconstitute activity with MNase-treated extracts (3). Our results also suggest that nt ϩ33 to ϩ43 contribute to efficient assembly of telomerase activity. Furthermore, the ϩ33 to ϩ325 fragment can be subdivided into two regions (one from nt ϩ33 to ϩ147, which contains the template, and the other from nt ϩ164 to ϩ325) that are individually inactive but together efficiently assemble active telomerase with hTERT. These pieces may represent two functional domains within the hTR molecule.
MATERIALS AND METHODS
Synthesis of full-length and truncated hTR. RNAs corresponding to hTR sequences were produced with the Megascript T7 in vitro transcription system (Ambion) from templates amplified from the hTR clone pTRC3 (13) . The numbering system for hTR was determined from the GenBank sequence (accession no. U86046) and is shown in Fig. 1 . Truncation mutants were amplified with oligonucleotides encoding the T7 promoter and hTR sequences initiating at nt ϩ1 (T7HTRϩ1), ϩ33 (T7HTRϩ33), ϩ44 (T7HTRϩ44), ϩ58 (T7HTRϩ58), ϩ164 (T7HTRϩ164), ϩ206 (T7HTRϩ206), and ϩ250 (T7HTRϩ250) ( Table  1) . These oligonucleotides were used in amplification reactions with primers that terminate at nt ϩ451 (HTRϩ451), ϩ354 (HTRϩ354), ϩ325 (HTRϩ325), ϩ300 (HTRϩ300), ϩ280 (HTRϩ280), ϩ205 (HTRϩ205); ϩ163 (HTRϩ163), ϩ147 (HTRϩ147), ϩ104 (HTRϩ104), and ϩ73 (HTRϩ73).
Site-directed mutations were introduced into hTR sequences by engineering nucleotide changes into the primers used for DNA template amplification. The DNA template for synthesizing hTR(33-163/T 3 G 3 ) was amplified with an oligonucleotide that contains a T7 promoter, initiates at nt ϩ33, and directs the synthesis of TTTGGG (T7HTRmtϩ33) in conjunction with an oligonucleotide that terminates at nt ϩ163 (HTRϩ163) ( Table 1) .
FIG. 1.
Sequence comparison of human, bovine, and mouse template RNA (hTR, bTR, and mTR). The sequence alignment was prepared by Clustal W version 1.4 (54) . Nucleotides that are conserved between the three RNAs are denoted with a asterisks. The sequences that encompass the template region and that correspond to the putative H and ACA boxes in hTR are marked.
The amplified products were purified on 2% agarose gels and used as templates for T7 transcription reactions. RNA products for defining the minimal sequence of hTR required to assemble active telomerase with rabbit reticulocyte extracts were purified on 6% polyacrylamide-8 M urea gels, thereby eliminating the possibility of wild-type RNA contamination. Subsequent to this mapping, truncated RNAs that did not contain this minimal core sequence were tested to confirm that they could not assemble active telomerase, making gel isolation of these RNAs unnecessary. The concentration of all RNAs was quantitated by spectrophotometric analysis and confirmed by direct examination on 6 to 12% polyacrylamide-8 M urea gels.
Assembly of active telomerase. To assemble active telomerase by using hTERT that was synthesized in a rabbit reticulocyte extract, the entire hTERT coding sequence was excised from the original vector (pGRN121; Geron Corporation, Menlo Park, Calif.) with EcoRI and subcloned into pcDNA3.1/His C (Invitrogen Corporation, Carlsbad, Calif.) to generate the clone pXhTRTE (56) . This construct has an engineered consensus Kozak sequence and yields a recombinant protein containing two amino-terminal tags (a polyhistidine tag and an Xpress epitope). Full-length hTERT was synthesized by using a rabbit reticulocyte lysate transcription-translation system (Promega) as described by the manufacturer. Telomerase was assembled in a reaction containing in vitro-transcribed hTR sequences, 0.2 l of in vitro-synthesized hTERT, and 2 l of rabbit reticulocyte lysate in 4 l (total volume) (24) . Some reactions contained yeast tRNA (3 g) to keep the total amount of RNA constant, as noted. To determine the effect of combining hTR and full-length hTR on the assembly of active telomerase, hTR-wt(1-451) was added to the assembly reaction in a quantity (10 ng) sufficient to produce levels of enzymatic activity at the lower end of the linear range (data not shown). In this experiment, human U2 snRNA was included as a control for a nonspecific structural RNA that is comparable in size to hTR. This RNA was transcribed with T7 polymerase from a BstXI-linearized pGEM-U2 subclone in which the human U2 snRNA fragment was excised from pBSU2 (28) with PstI and SacI and cloned into these sites in pGEM5zf(ϩ) (Promega). After incubation for 90 min at 30°C, the assembly reactions were diluted 10-to 25-fold in 1ϫ CHAPS {3-[(3-cholamidopropyl)-dimethylammonio]-1-propanesulfonate} lysis buffer (Intergen Inc., Gaithersburg, Md.), and 1 to 2 l (constituting 1 to 5% of the starting material) was used for the telomerase activity assay.
We developed a novel assembly system for telomerase that uses only human components. Exogenous hTERT was synthesized in the VA13 cell line, which contains no detectable levels of hTERT mRNA, hTR, or telomerase activity (57) (this study and data not shown). VA13 cells were infected with a retrovirus expressing hTERT (pBabepuro-hTERT) (44) , and the infected population (VA13-hTERT) was selected with puromycin (750 ng/ml). VA13-hTERT cells were harvested and resuspended in water at a concentration of 100,000 cells/l. The sample was sonicated with two pulses at 50 J/W ⅐ s and then centrifuged at 100,000 ϫ g for 1 h. Glycerol was added to the S100 supernatant to a final concentration of 20%, and the extract was stored at Ϫ80°C. To assemble active telomerase, 2 l of the S100 extract from VA13-hTERT cells was combined with 200 ng of in vitro-transcribed hTR in a 5-l final volume with 1 mM (final concentration) ATP. The need for ATP in the assembly reaction is consistent with the requirement for ATP turnover in the functioning of the foldasome, a complex of proteins required for the assembly of catalytically active telomerase (24) . After incubation for 90 min at 30°C, 5% of the assembly reaction was assayed for telomerase activity by using a PCR-based telomerase assay (TRAP assay; Intergen).
Northern analysis. The integrity of hTR and its truncation mutants were verified by Northern analysis following the assembly reaction using a 1.5% agarose-2.2 M formaldehyde gel. The RNA was transferred to a Hybond-N ϩ membrane (Amersham) and probed with 32 P-labeled oligonucleotide complementary to hTR nt ϩ143 to ϩ163 (hTRϩ163 (Table 1) in Rapid-Hyb buffer (Amersham) according to the manufacturer's protocol. The blot was washed twice for 15 min each time at room temperature with 0.1ϫ SSC (1ϫ SSC is 0.15 M NaCl plus 0.015 M sodium citrate)-0.1% sodium dodecyl sulfate and exposed to a PhosphorImager screen (Molecular Dynamics).
RT-PCR. The absence of detectable levels of hTR and hTERT mRNA in VA13 cells was confirmed by reverse transcription-PCR (RT-PCR) using previously described procedures (13, 40) . RNA was extracted from VA13 and telomerase-positive HL-60 cells by using Trizol Reagent (Gibco BRL) and treated with DNase I to avoid genomic DNA contamination. Equivalent amounts of total RNA (1 g) were reverse transcribed with a Retroscript kit (Ambion) and amplified by using primers for hTR (13) or hTERT mRNA (40) . The products were loaded onto a 5% polyacrylamide gel, stained with ethidium bromide, and detected with UV light.
Telomerase assay. For most samples, the TRAP assay was performed as originally described (27) , with minor modifications (25, 58) . The TRAP-eze telomerase detection kit (Intergen), which includes a 36-bp internal standard for semiquantitative measurements, was used as recommended by the manufacturer. After telomerase extension at room temperature for 30 min, samples were subjected to a 94°C hot start, followed by a two-step PCR (94°C for 30 s, 60°C for 30 s) for 27 or 28 cycles. Telomerase products were electrophoresed on 10% polyacrylamide gels for 2 h at 300 V and exposed to a PhosphorImager screen. Quantitative estimates of telomerase activity were calculated by determining the ratio of the band intensities of the 36-bp internal standard to that of the characteristic 6-bp telomerase-specific ladder. This method of quantitation is accurate over an approximately 300-fold range of activities (Intergen).
To test whether hTR(33-163/T 3 G 3 ) can serve as a template in the presence of full-length hTR, the assembly reaction was incubated at 30°C for 90 min and then diluted 12.5-fold in 1ϫ CHAPS lysis buffer (Intergen). A 0.2-l aliquot of this diluted sample was added to a 5-l extension reaction that contained 50 M (final concentration) dGTP and dTTP along with reaction buffer and substrate (TS primer) provided by the TRAP-eze telomerase detection kit (Intergen). After telomerase extension for 30 min at room temperature, the reaction mixture was heated to 94°C for 5 min to inactivate telomerase. The products were then amplified in a 50-l reaction in the presence of all four deoxynucleoside triphosphates with reagents from Intergen except the primer mix, which contains the template and amplification primer for synthesizing the internal standard and the comeback primer for amplifying telomerase extension products. In its place, we substituted a primer mix containing the primer T/G-ACXII (GCGCGGCAAA CCCAAACCCAAACCCAAACC) for efficient amplification of TTTGGG extension products. Complement of ϩ432 to ϩ451 GCATGTGTGAGCCGAGTCCT HTRϩ354
Complement of ϩ337 to ϩ354 CCTGAACCTCGCCCTCGC HTRϩ325
Complement of ϩ306 to ϩ325 CCGCGGCTGACAGAGCCCAA HTRϩ300
Complement of ϩ281 to ϩ300 CGCGGTGGCAGTGGGTGCCT HTRϩ280
Complement of ϩ261 to ϩ280 CCGGAGAAGCCCCGGGCCGA HTRϩ205
Complement of ϩ189 to ϩ205 GGGAGGGGCGAACGGGC HTRϩ163
Complement of ϩ143 to ϩ163 CTAGAATGAACGGTGGAAGGC HTRϩ147
Complement of ϩ130 to ϩ147 AAGGCGGCAGGCCGAGGC HTRϩ104
Complement of ϩ87 to ϩ104 GAAAAACAGCGCGCGGGG HTRϩ73
Complement of ϩ55 to ϩ73 CGCCTACGCCCTTCTCAGT a Sequences corresponding to hTR are in uppercase; the T7 promoter (taatacgactcactataggg) is underlined; the first G of the triplet GGG is the first transcribed nucleotide (ϩ1). Nucleotide mismatches in T7HTRmtϩ33 are denoted by lowercase italic letters.
RESULTS
Minimal contiguous sequence of hTR necessary for assembly of active telomerase in vitro. Each of the hTR truncation mutants examined in this study was transcribed from a PCR template that was generated with a primer that contained sequences for the T7 promoter as well as sequences complementary to the 5Ј region of hTR and a primer for the appropriate truncation at the 3Ј end of hTR ( Table 1 ). The truncations are denoted by the nucleotide position of the 5Ј and 3Ј ends (GenBank accession no. U86046). These PCR products were used to produce the corresponding RNAs with an in vitro transcription system (see Materials and Methods). Each truncated RNA was incubated with newly synthesized hTERT, and the assembly reaction was analyzed for both RNA integrity ( Fig.  2A ) and telomerase activity (Fig. 2B) . Northern blot analysis revealed that each of the mutants was of the appropriate size and concentration (30 to 100% of input) ( Fig. 2A) , indicating that under these conditions most of the synthesized RNAs were intact. Reactions containing the truncated RNA hTR(1-325) produced levels of telomerase activity that were similar to those produced with hTR-wt(1-451) (Fig. 2B, lane 3) . However, hTR(1-300), hTR(1-280), hTR , and hTR(1-163) were unable to yield detectable levels of active telomerase under the assay conditions used (Fig. 2B, lanes 4 to 7) . It has been reported that in a reticulocyte lysate assembly system in which hTERT is synthesized in the presence of a pretranscribed RNA, the truncation spanning nt ϩ10 to ϩ159 of hTR acts as a template with reduced efficiency compared to wildtype hTR (4) . Therefore, we assayed more of the assembly reaction to see if we could detect similar activity with our truncations. Using five times more extract, corresponding to the maximum amount of extract that does not inhibit PCR amplification, we were able to detect a faint ladder with hTR(1-300), but this activity was exceptionally weak (less than 0.2%) compared to full-length hTR (data not shown). The same cutoff was observed when hTERT was synthesized in the presence of hTR (data not shown). Additional truncations at the 5Ј end of the RNA demonstrated that hTR(44-325) could assemble with hTERT to produce 3 to 5% of maximal activity (Fig. 2B, lane 14) . Interestingly, when the first 32 nt of hTR were deleted without disturbing the 3Ј end, a four-to fivefold increase in telomerase activity was consistently observed (Fig.  2B, lane 8) . The smallest hTR fragment that yielded levels of activity close to that obtained with full-length RNA was hTR(33-325) (Fig. 2B, lane 10) . As expected, when the template region for hTR (nt ϩ46 to ϩ56) was deleted to produce hTR(58-451), telomerase activity was abolished (Fig. 2B, lane  16) . A schematic representation of each hTR truncation (Fig.  3) shows that the minimal region of hTR for assembling at least 3 to 5% of wild-type activity includes the template region and approximately 270 nt 3Ј to the template.
To confirm the 3Ј boundary of functional hTR in a human cellular milieu, we set up an assembly system for telomerase in which hTERT is synthesized in intact human cells. VA13 cells are human fibroblasts that have been immortalized with simian virus 40 large T antigen, lack detectable hTERT mRNA and hTR by RT-PCR analysis (Fig. 4A) , and maintain their telomeres through an alternative pathway (57) . We tested whether VA13 cellular extracts were capable of assembling telomerase activity. S100 extracts from VA13 cells that express exogenous hTERT were prepared as described in Materials and Methods. These extracts tested negative for telomerase activity but could assemble active enzyme when combined with hTR (Fig. 4B) . As found previously for hTERT that was synthesized in a rabbit reticulocyte extract, the levels of activity produced in reactions with hTR-wt(1-451), hTR(1-354), and hTR(1-325) were similar. However, no detectable activity was produced in reactions containing hTR(1-300), hTR(1-280), or hTR as the template RNA (Fig. 4B) . We conclude that the 3Ј boundary for the minimal functional region in hTR necessary to generate levels of activity comparable those obtained with full-length hTR lies between nt ϩ300 to ϩ325.
The hTR truncation hTR(33-163) serves as a template in the presence of full-length hTR. Although hTR(33-163) alone does not generate active telomerase with hTERT (Fig. 5A,  lane 7) , the addition of 10-to 300-fold molar excess of hTR into an assembly reaction in combination with full-length hTR resulted in an increase in telomerase activity over fulllength hTR alone ( Fig. 5A; compare lane 1 to lanes 3 to 6) . In striking contrast, when human U2 snRNA was added to the reaction, using a mass equivalent to the highest concentration of hTR(33-163) examined, telomerase activity was reduced, perhaps through nonspecific protein-RNA contacts that inhibit telomerase assembly or catalytic activity (Fig. 5A, lane 2) .
To determine if hTR(33-163) can synthesize telomeric repeats from its own template in the presence of full-length hTR, the template region of hTR(33-163) was mutated to direct the synthesis of TTTGGG, creating the RNA hTR(33-163/T 3 G 3 ). To confirm that the modified template region is able to direct the synthesis of TTTGGG, we first engineered this mutation within the hTR truncation that spans nt ϩ33 to ϩ451. Telomerase extension products made from an assembly reaction containing this mutant template RNA consist of a ladder of TTT   FIG. 2 . Mapping the 5Ј and 3Ј boundaries of hTR that define the minimal sequence for assembling active telomerase with hTERT. The templates for hTR truncations were made by PCR using appropriate 5Ј and 3Ј primers (see Materials and Methods), gel isolated, and subjected to in vitro transcription. Transcribed RNAs were gel isolated to ensure that wild-type hTR was not carried over into the assembly reaction. Mutant nomenclature refers to the 5Ј and 3Ј nucleotides within hTR. Each mutant (0.2 g) was added for telomerase assembly under optimized conditions (0.2 l of hTERT, 200 mM KCl, and 50% rabbit reticulocyte lysate in 4 l at 30°C for 90 to 120 min). The assembly reaction was analyzed by Northern blot analysis (A) and the TRAP assay (B). The Northern analysis demonstrates that equal amounts of the hTR mutants were still present after the assembly reaction. Relative quantitation is shown for this representative TRAP assay and reflects the ratio between the abundance of extended products versus the 36-bp internal standard.
GGG repeats, as demonstrated by sequencing cloned DNA prepared from the resulting extension products (data not shown). Synthesis of products from this mutant template requires only dTTP and dGTP, whereas synthesis from the wildtype template has an additional dATP requirement. If the extension reaction is conducted in the presence of only dTTP and dGTP, a ladder should be seen only if telomerase is using the mutant template. For efficient product amplification in the TRAP assay, we found it necessary to design a new reverse primer that anneals perfectly to the TTTGGG repeat sequence. When added to the assembly reaction alone, hTR(33-163/T 3 G 3 ) was not able to direct the synthesis of TTTGGG repeats (Fig. 5B, lane 1) . Similarly, under these extension conditions, hTR-wt(1-451) did not produce a typical product ladder, although a weak pattern consisting of small bands was observed which may reflect misincorporation with the wildtype template or contamination of the nucleotides with small amounts of dATP (Fig. 5B, lane 3) . In marked contrast, when both of these RNAs were included in the assembly reaction, a strong ladder was produced (Fig. 5B, lane 2) . These results demonstrated that the truncated RNA hTR(33-163/T 3 G 3 ) promotes the synthesis of TTTGGG in the presence of full-length hTR.
Efficient assembly of active telomerase from hTERT and two functionally inactive hTR truncations. In S. cerevisiae, telomerase can contain two RNA components that functionally interact such that wild-type telomerase RNA rescues an inactive mutant RNA to enable both RNAs to act as templates (46, 47) . We tested whether the template region of hTR-wt(1-451) was essential to provide the complementation that we observed with our inactive RNAs. Using hTR(58-451), which lacks the template but which may provide other required structural components of hTR, we examined short RNA truncations containing the template for the ability to generate active telomerase (Fig. 6, lanes 1 to 9) . None of these RNAs assembled active telomerase when tested individually with hTERT (data not shown). In the presence of hTR(58-451), hTR(33-163) and hTR(33-147) synthesized the telomeric repeat with similar efficiencies (Fig. 6, lanes 6 and 7) . This combination of RNAs produced levels of activity that were substantially greater than the maximal amount of activity obtained with full-length hTR [corresponding to 100 ng of hTR-wt(1-451) (Fig. 6, lane 12 , and data not shown)]. In contrast, equivalent molar concentrations of the template truncations hTR(1-163), hTR(33-104), FIG. 3 . Schematic representation of hTR truncations and their effects on telomerase activity. The 451-nt hTR sequence is represented schematically with respect to the template region (nt ϩ46 to ϩ56). Truncations are denoted by the transcribed nucleotides within hTR. Relative activity was determined by defining the level of activity with full-length hTR as 100%. The amount of activity for all truncations represents a minimum of three independent experiments and is shown symbolically as a relative range of average activity: ϩϩϩϩ, greater than or equal to 400%; ϩϩϩ, between 100 and 399%; ϩϩ, between 25 and 99%; ϩ, between 1 and 24%; Ϫ, undetectable. . Although this effect is more dramatic for these template truncations, it is consistent with our previous observation that removal of the first 32 nt of full-length hTR increases the amount of activity produced (Fig. 2B) . Furthermore, the differences in activity for truncations hTR and hTR reiterates the previous observation that deleting the sequence between nt ϩ33 and ϩ43 in full-length hTR reduces the amount of activity (Fig. 2B ). This result suggests that nt ϩ33 and ϩ147 constitute the boundaries of the minimal template-containing region that can effectively produce active telomerase with hTR(58-451).
To map the boundaries of the minimal structural component of hTR that facilitates assembly of human telomerase activity in conjunction with hTERT and hTR(33-147), we created an extensive panel of hTR truncations containing sequences downstream of the template region (Fig. 7A) . As before, assembly reactions with hTERT and hTR(33-147) did not produce detectable activity (Fig. 7A, lane 1) ; similarly, none of the RNAs without a template region could assemble active telomerase with hTERT (data not shown). However, the combination of hTR(33-147) and the truncations which span nt ϩ164 to ϩ325 of hTR, including hTR(58-451), hTR(58-325), hTR(164-451), hTR(164-354), and hTR(164-325), efficiently assembled active telomerase with hTERT (Fig. 7A, lanes 2, 3 , and 6 to 8, respectively), with RNAs terminating between ϩ326 to ϩ451 functioning more efficiently than hTR(164-325). A low level of activity, which corresponds to less than 1% of that produced in reactions with hTR(33-147) and hTR , was detected when the 5Ј boundary for the templatelacking RNA was positioned at nt ϩ206 in hTR(206-451), hTR(206-354), and hTR(206-325) (Fig. 7A, lanes 10 to 12) . Very weak or no activity was observed when this boundary was moved to nt ϩ250 in hTR(250-451), hTR(250-354), and hTR(250-325) (Fig. 7A, lanes 14 to 16) . Complementation was seen for truncations terminating at nt ϩ325 but not at ϩ300 or ϩ280 ( 2) and/or 10 ng of hTR-wt(1-451) (lanes 2 and 3). To measure activity from the mutant template [in hTR(33-163/T 3 G 3 )] but not the wild-type template [in hTR-wt(1-451)], the telomerase extension reaction was performed in the presence of only dTTP and dGTP. After extension, the enzyme was heat inactivated and the products were amplified by PCR. Because a unique comeback primer was required for efficient amplification (see Materials and Methods), the internal standard provided with the Intergen TRAP-eze kit could not be used in this experiment. also lanes 8 and 9 with lanes 12 and 13). This 3Ј boundary is identical to the minimal contiguous sequence of hTR required to assemble active telomerase (Fig. 2) . These results indicate that active telomerase can be assembled when two independently inactive RNA fragments, hTR(33-147) and hTR(164-325), are combined with hTERT. We confirmed that these two RNAs also function synergistically in assembly reactions containing hTERT that was synthesized in intact human cells (Fig.  7B) . In this analysis, the addition of 200 ng of either hTR(164-325) or hTR(33-147) into the assembly reaction did not yield detectable levels of telomerase activity (Fig. 7B, lanes 3 and 4) . However, inclusion of both RNAs in the assembly reaction produced telomerase activity (Fig. 7B, lane 2) . The boundaries of these RNAs further indicate that the sequence between nt ϩ148 and ϩ163 of hTR is not essential for the assembly of telomerase activity in vitro.
The relative amounts of hTR(33-147) and hTR(164-325) were varied in order to determine whether they were interact- Figure 7C demonstrates that roughly equal amounts of the two RNA components were required per unit of activity produced.
DISCUSSION
The minimal region of the human telomerase RNA component that is required for activity. Previous efforts to map the minimal functional region of the human telomerase RNA employed a reconstitution system where MNase was used to remove endogenous hTR from human telomerase that was partially purified from 293 cells (3). The nuclease was then inactivated, and hTR was added to reconstitute activity. In those studies, nt ϩ1 to ϩ203 defined the functional region of hTR necessary to reconstitute levels of activity similar to those produced with full-length hTR. For our assembly reactions where hTERT and hTR were synthesized separately and then coassembled to generate active telomerase, hTR residues beyond nt ϩ203 and extending to nt ϩ325 are required for efficient de novo assembly. Activity resulting from nt ϩ1 to ϩ300 of hTR was less than 0.2% of that produced with fulllength hTR, while shorter 3Ј truncations (containing nt ϩ1 to ϩ280, ϩ1 to ϩ203, or ϩ1 to ϩ163) did not produce detectable levels of activity in our assay. It is possible that for endogenous telomerase, sequences in the hTR molecule are inaccessible to MNase cleavage. These buried fragments may contain sequences between nt ϩ203 (the 3Ј boundary identified by Autexier et al. [3] ) to ϩ325 (the 3Ј boundary identified in this study) that enable short RNAs to serve as a template and efficiently produce active enzyme. Alternatively, nt ϩ203 to ϩ325 may be critical for the correct folding of hTERT (see below), but once the telomerase ribonucleoprotein is assembled, the protein conformation may remain stable even after removal of these sequences. A variant of this possibility is that auxiliary factors associated with the telomerase holoenzyme stabilize the complex after MNase degradation, thereby allowing short hTR pieces to reconstitute activity. All of these possibilities are consistent with the observation that efficient de novo formation of active telomerase requires sequences that were previously thought to be dispensable. We find it intriguing that there are also discrepancies between mapping studies of the Tetrahymena telomerase template RNA using the MNase and de novo assembly protocols (29) . Some phylogenetically conserved portions of the Tetrahymena telomerase template RNA that are dispensable for reconstituting activity in the MNase protocol (2) were required for production of active enzyme when the catalytic protein was synthesized in a rabbit reticulocyte lysate system (29) .
Although the sequence between nt ϩ33 to ϩ325 produced almost full activity when combined with hTERT in vitro, additional hTR sequences are essential for the production of telomerase activity in vivo (36) . Deletion of only 23 nt from the 3Ј end of hTR prevented any detectable accumulation of the RNA in cells, presumably because it destroys a domain in hTR that is similar to the H/ACA box of small nucleolar RNAs (36) . In cells, this motif is involved in both hTR accumulation and 3Ј end processing and is therefore critical for the production of active telomerase (36) . Additional elements in hTR could play other essential roles in the production of the active holoenzyme. Such elements could mediate contacts with proteins such as TP1, the mammalian homolog of Tetrahymena p80 (9, 21, 41) .
Sequences upstream of the template of hTR are not essential for producing active telomerase in vitro, although they do contribute to the overall level of activity ( Fig. 2 and reference  3) . Removal of the first 43 nt of hTR, but not the first 32 nt, reduces the level of active telomerase, suggesting that nt ϩ33 to ϩ43 may aid in assembly or in catalysis, perhaps by anchoring the template region of hTR on hTERT and facilitating translocation during processive elongation. Interestingly, the bovine RNA component (55) shows striking sequence similarity to the human RNA in the region 5Ј to the template (Fig. 1) . The 5Ј start site of the mouse telomerase RNA, which has been mapped to only 2 nt from the template region (23) (Fig. 1) , provides support for the observation that the sequences 5Ј of the template of the human RNA are not critical for producing an active enzyme.
While some aspects of the secondary structure of the ciliate RNA components have been studied in depth (2, 5, 30, 33, 48, 53) , it is unclear how many of these structural features are common to the RNA components of other organisms. Sequences 5Ј to the template that are conserved in ciliate RNAs include the boundary element and the sequences within helix I that define the overall topology of the ciliate RNAs (1, 2, 30, 33, 48) . These features are not present in the mouse RNA (23) and are not necessary to produce active telomerase with the human RNA (3) ( Fig. 1 and 2 ). There are also considerable differences in the overall size of the integral RNA component. Although the ciliate RNAs are less than half the size of hTR (148 to 209 nt versus 451 nt), our data indicate that the minimal sequence for hTR needed for generating 3 to 5% of the activity assembled with full-length hTR (nt ϩ44 to ϩ325 ϭ 282 nt) is slightly larger than the ciliate RNAs. However, the RNA component from two species of yeast is very large (about 1,300 nt for S. cerevisiae [52] and K. lactis [34] ), even considering that approximately half of the K. lactis RNA is not required for catalysis (49) .
Assembly of active telomerase from hTERT and two independently inactive segments of hTR. The core region of hTR (between nt ϩ33 to ϩ325) that produces levels of telomerase activity with hTERT that are similar to those obtained with full-length hTR sequence can be separated into two distinct segments, hTR(33-147) and hTR(164-325), that function synergistically with hTERT to yield active enzyme. The sequence between hTR nt ϩ33 to ϩ147 contains at least three features that are required for efficient assembly of active enzyme with hTERT: the template region (between nt ϩ46 and ϩ56), sequence between nt ϩ33 and ϩ43 upstream of the template (Fig. 2) , and approximately 90 nt of sequence immediately downstream of the template (Fig. 6) . We have mapped the 5Ј boundary of the other essential region in hTR to the sequence between nt ϩ164 and ϩ206 (Fig. 7) , which encompasses nt ϩ170 to ϩ200, a region that was previously shown to be required for activity (3). Our results also identify a new region of hTR, the sequence between nt ϩ148 and ϩ163, that is dispensable for catalysis. This finding is consistent with the lack of telomerase inhibition observed when a peptide nucleic acid targeted to this region, but not to surrounding sequences, is included in the ribonucleoprotein assembly reaction (19) .
The region between nt ϩ164 and ϩ325 of hTR may be essential for catalytic activity because it participates directly in synthesizing the telomeric repeat. Alternatively, this fragment might serve a structural role in the enzyme, perhaps by helping the protein to form an anchor site (20) or by positioning key residues in the catalytic site. A structural role for this RNA fragment is conceivable because the assembly of ribonucleoproteins generally occurs through an induced-fit process, such that both protein and RNA conformation are modulated through their interactions (14) . The RNA component could induce gross conformational changes in the structure of disor-dered or partially disordered hTERT, as has been observed for bacteriophage N protein and bacterial Ffh proteins (14, 37, 59) . This hypothesis predicts that hTERT that is synthesized in the rabbit reticulocyte lysate and in VA13 cells lacking hTR may be largely misfolded, which is consistent with our observation that efficient assembly of active complexes requires chaperone proteins (24) . It is possible that the sequence from nt ϩ203 to ϩ325 of hTR is needed to induce the correct folding of hTERT but that once folded correctly, hTERT can maintain at least a partially folded conformation in the absence of this RNA sequence. This might explain the finding that nt ϩ203 to ϩ325 are not needed to reconstitute endogenous telomerase in which the RNA has been removed (3).
The catalytic core of a group I self-splicing intron can be reconstituted from its two distinct structural domains and substrate RNA (12) . These pieces of RNA self-assemble, presumably through high-affinity tertiary contacts which fold the molecule into a catalytically active configuration. It is possible that hTR(33-147) and hTR(164-325) also represent topologically distinct subdomains that interact to form a structure similar in topology to the core region of full-length hTR. This RNA duplex could then assemble with the hTERT protein catalytic subunit to generate an active enzyme. An alternative possibility for how these molecules assemble is that hTERT provides the scaffold that binds these RNAs, with all three components being essential for producing an active enzyme. Our findings provide tools to investigate the process of ribonucleoprotein assembly and may facilitate the identification of the structural features within hTR.
